Abstract. We present a high-quality UV-lithography process for making high aspect ratio microstructures for microengines using an ultrathick SU-8 photoresist layer. The microreciprocating engine project, which is ongoing at the University of Birmingham, aims to develop a compact power plant to replace batteries. The design of the microengine imposes strict requirements on the geometry of the engine components. The microfabrication research work has been concentrated on developing a SU-8 UV-lithography process to achieve good sidewall angles and high aspect ratio. Based on the study of the photoactive property of ultrathick SU-8 layers, an optimized prebake time is found for obtaining the minimum UV absorption of SU-8. The optimization process is tested and proven effective using a series of UV-lithography experiments on different prebake times. Microstructures with aspect ratios as high as 40:1 are produced in 1000-m ultrathick SU-8 layers using standard UVlithography equipment. The sidewall angles are controlled between 85 to 90 deg. The engine components fabricated using this process satisfy microengine design requirements. © 2004 Society of Photo-Optical Instrumentation Engineers.
Introduction
We present a microfabrication process for making microreciprocating engine parts using SU-8 photoresist in a UVlithography process. The work is part of an ongoing project at the University of Birmingham for the development of a microreciprocating engine to provide power to general detached microdevices and to replace batteries.
Currently, the most widely employed microactuator for microsystems is the electrostatic comb drive, which can be found in digital mirror display systems developed by Texas Instruments, 1 and in Sandia's intricate safety lock for nuclear missiles. 2 Microrotary motors and indexing motors have recently been fabricated in the Sandia Microsystems Laboratory. Rotary motors can provide variable speed and torque in very small steps. These achievements mark the rapid progress in MEMS actuator technology and will inspire more innovations in micromachines. However, these actuators rely uniquely on electric power, which imposes constraints on their applications. For instance, it seems unlikely that electric powered microunmanned air vehicles can be developed to meet the expected 20 min nonstop flying time. Microrobots and other detached devices will face the same problem. If only electric motors are used in microsystems, the future of microsystems will be very much limited. Clearly, an alternative should be sought, and one of the solutions is likely to be microcombustion engines.
In the fabrication of thick microstructures from 100 m upward, deep reactive ion etching ͑DRIE͒ is usually used, as exemplified by the MIT microturbine project. 3 However, Birmingham has chosen to build microengines directly from SU-8 photoresist. SU-8 is a negative epoxy-type near-UV photoresist, invented by IBM. 4 It is chosen for microengine development based on the following considerations. First, it is particularly suitable for building high aspect ratio microstructures. [5] [6] [7] Second, SU-8 has the potential to be used in structures as thick as 1.5 mm in a single layer, while the DRIE process can only reach a third of that thickness. Third, although SU-8 cannot withstand as high a temperature as Si, it has excellent mechanical properties and can be used to build prototypes and CO 2 engines. Fourth, SU-8 can be used to make micromolds of microengine components, and the high quality micromolds can be then used to build metallic and ceramic engine components. Besides, the material and process costs are much less than that of the silicon and DRIE processes.
The design of the microengine requires a strict vertical geometry and ultrathickness on the piston and the cylinder to prevent leakage. Conventional SU-8 processes often produce a trench with a wide top and narrow bottom profile, a so-called T shape, which is common to negative photoresists. The T shape becomes more serious when the thickness of the SU-8 layer approaches 500 m or more. 8 Many factors contribute to the formation of the T shape, such as the volume change of the SU-8 resist during polymeriza-tion, chemical diffusion of crosslinking agents, and illumination parameter. Therefore, the study of SU-8's photoactive properties in the near-UV range is important for the improvement of the fabrication process using ultrathick SU-8 layers to meet the engine design specifications. The research group at the University of Birmingham has adopted a two-phase approach in the microengine project. In the first phase, the work is concentrated on microfabrication by building liquid CO 2 microreciprocating engines. In the second phase, the project will be extended to combustion engines.
This work presents our research in building microengines designed to be driven by CO 2 . The design of the microengine is first introduced. The relationship between the prebake time and UV light absorption property is then discussed in detail. The fabrication results are presented and discussed. The results show that an optimum prebake time improves lithographical fabrication significantly. A complete microengine has been produced using the proposed UV lithography process.
Design of Microreciprocating Engine
The microengine is designed based on a two-stroke reciprocating engine, and its structure is shown Fig. 1 , excluding the synchronization valve. Due to the consideration of MEMS top-down fabrication features, the engine is designed in 2-D. The piston has a square cross section. The contact surfaces between the piston and the cylinder are much larger than that of a conventional engine, and fine grooves are made on the piston surfaces for prevention of gas leakage. The cylinder is a large trench of square cross section, covered by a piece of glass. The cranking gear has an eccentric pin for connecting a linking rod. A synchronization valve is placed at the top of the cylinder, which will be pushed open to release liquid CO 2 . The outlet port of the engine is located on the wall of the cylinder.
In one working cycle, liquid CO 2 is released from the synchronization valve when the piston reaches the top dead center of the cylinder and the valve is pushed open. CO 2 in the cylinder then expands to push the piston down to the bottom dead center and the exhaust port is revealed, through which most residual CO 2 will be let out. The gear and the external loading will provide the momentum to push the piston back to the top of the cylinder, pushing the CO 2 valve open again, and another cycle starts. The designed power output of the CO 2 engine is 2.56 mW at a speed of 1000 rpm. The construction material of the engine is SU-8 photoresist. The cross section of the piston is 1 ϫ1 mm. This is designed in consideration of the quenching distance for microcombustion engines to be developed in the next phase. The sidewalls of the cylinder are 1 mm thick.
In the microreciprocating engine, the majority of the components, such as the piston, the cylinder, the connecting rod, and the gear, are under working load. Finite element analysis ͑FEA͒ has been used to analyze the stress and deformation of the components. The FEA results show that the dynamic stress of the piston, cylinder, and linking rod are all well within the safe range, and that the deformation is so small that no significant leakage should happen.
Effect of Prebake Time on UV Light Absorption Property
The engine design posed a major challenge to the microfabrication of the engine. The fine grooves on the engine piston surfaces have an aspect ratio of 10:1, and the sidewalls of the cylinder and piston surfaces are required to be very close to perpendicular to the base of the engine. The fabrication tolerances for fitting the piston into the cylinder are minimal to reduce any possible leakage. Besides, all parts of the engine will be 1000 m thick. SU-8 is known to be suitable for high aspect ratio structures, and was chosen to be the material for the CO 2 engine fabrication. It is understood that a perfectly vertical sidewall profile would be obtained if the UV light went through the entire layer without losses. In reality, UV light is more or less absorbed when it goes through an imperfectly transparent layer. One of the properties of SU-8 is its low UV absorption, which can be inferred from its clear color. This property enables a uniform exposure of the photoresist up to a high thickness range, compared with other thick photoresists. It is noted that the transparency of an SU-8 layer deteriorates as the layer gets thicker. The effect of absorption becomes more evident when the thickness exceeds 500 m. Therefore, it is important to maintain the best transparency of the SU-8 coating for a uniform UV light expo- Jin, Jiang, and Sun: Ultrathick SU-8 fabrication . . . sure throughout the layer, and this research effort focused on this area.
Only a few references can be found on UV transmission spectrum of ultrathick SU-8. 8 Most of the references located so far provide only the transmission data of an SU-8 layer of a certain thickness, and the layer is prepared after a constant prebake time and measured at a given wavelength.
9,10 A useful reference is from the work by Zhang et al., 11 which states that a proper prebake time is one of the most important control factors for the photoresist process. However, most investigations on the effect of the prebake time are focused on reducing the remaining solvent in SU-8 to improve the fabrication quality. 12 Such study has identified the minimum prebake time to vaporize all solvent in SU-8. Cui et al. 12 recommended that a prebake time of about 30 h was necessary to vaporize the solvent for an SU-8 layer 1000 m thick.
In the microengine project, the effect of prebake time on the UV light absorption property of SU-8 photoresist has been investigated. The transmittance of SU-8 after prebake was measured using a Hitachi UV-3100 spectrophotometer, and the wavelength of the light varied between 360 and 460 nm, with a 1-nm measurement increment. The SU-8 used in the measurement was commercial SU-8-50 from the MicroChem Corporation, which was deposited on a Corning glass substrate by direct casting. The thickness of the SU-8 specimens was 1 mm. Four SU-8 specimens were used in the experiments, all prebaked at 95°C but for 10, 24, 30, and 40 h, respectively. A bare glass substrate was taken as a reference. The measurements were carried out in a darkroom to prevent interference by light and the exposure of the specimen from various light sources. The irradiation effect of the spectrophotometer on the specimens is so small that it can be ignored, especially when it is compared with the exposure under UV light during a lithography fabrication process.
The transmittance spectrum shown in Fig. 2 illustrates that when the prebake time is long, the transparency of the SU-8 specimen deteriorates, implying that more UV light is absorbed. It is understood that the prebake process will enhance the polymerization of SU-8. The enhancement of the polymerization affects the transmittance in the UV range, and reduces the penetration length ͑PL͒. PL is used to describe the absorption depth of the SU-8 layer that the UV light can go through. An SU-8 layer of thickness PL can be exposed uniformly at the given wavelength. 8 The intensity of light passing through the PL in the material will decay to 1/e of its incident intensity, which is about 37%. A highly transparent SU-8 layer effectively extends the PL, and leads to producing a high aspect ratio feature. In refer- The same micropistons processed using longer prebake and exposure times. The T shape of the vertical bars indicates an overexposure on the top, and underexposure at the bottom. (c) The same pistons are processed using even longer prebake and exposure times, and the T-shape problem cannot be eliminated.
ence to the transmittance spectrum in Fig. 2 , it can be seen that the SU-8 layers prepared with 10-h prebake time have a better transmittance than those prepared with longer prebake times. Therefore, a short prebake time is identified as a method to reduce the deterioration of an SU-8 layer's transparency. Keeping a high SU-8 transparency during the prebake process is the guideline in the microengine fabrication, where all the parts are 1000 m in thickness. While a short prebake time results in good transparency, insufficient prebake will incompletely solidify SU-8, and cause undevelopable residuals during development.
Experimental Fabrication
In the fabrication of the microengine, a series of UV lithography experiments were carried out using commercial SU-8-50. SU-8 layers of 1000-m thickness were prepared on 4-in. silicon wafers. A Canon PLA mask aligner was used for UV light exposure. The wavelength band of the aligner was set in the range of 365 to 436 nm.
Three types of UV lithography processes were selected to demonstrate the effect of the prebake time on the SU-8 fabrication. Group 1 specimens were first prebaked and exposed under UV light using the optimized prebake time and a moderate exposure dose, followed by a standard postbake time. An SEM image of the engine piston fabricated using this process is illustrated in Fig. 3͑a͒ . Group 2 specimens had a longer prebake time and UV exposure time, followed by the same postbake time and development. An SEM image of this process result is shown in Fig. 3͑b͒ . Group 3 specimens were processed with an even longer prebake time and UV exposure time, followed by the same postbake time and development. The SEM image of the process result is shown in Fig. 3͑c͒ . Figure 3͑b͒ shows a typical T-shaped structure, which appears frequently in the fabrication of ultrathick SU-8 devices, especially when the thickness is above 500 m. Some overexposure has been observed on the top part of the piston grooves. Also observed is a typical underexposure condition along the lower part of the grooves. The T-shape phenomenon will not be eliminated by simply increasing the exposure dose, because the PL of the SU-8 layer is less than the thickness of the layer, and a long UV exposure time will only make the top more overexposed, while the bottom of the layer will still be lacking in UV exposure. Figure 3͑c͒ is the result of such a longer prebake time and longer exposure time. The top of the grooves is overexposed, while the bottom is insufficiently exposed. Figure 3͑a͒ is the fabrication result of a shorter prebake time under a smaller exposure dose. A longer PL was obtained and a uniformed exposure achieved throughout the layer. This is the lithography process used in Group 1 with the optimized prebake and exposure times. Figure 4 shows another SEM image of a piston array, which was fabricated using the UV lithography process based on the optimized parameters. The width of the vertical bar on the pistons is 100 m, and the height of the bar is 1000 m. The sidewall angle is controlled between 85 to 90 deg, which is a significant improvement compared with the ones reported so far. 12 A best high aspect ratio structure of 40:1 has been produced successfully in a 1000-m-thick commercial SU-8 layer based on the optimal process, as shown in the SEM image of Fig. 5 , where the line width of the cross structure is 25 m, and the height is 1000 m.
A complete reciprocating engine has been fabricated using the UV lithography process discussed before. The microengine has been assembled successfully. Figure 6 shows the SEM image of the cylinder assembled with a piston. The gap between the piston and the cylinder is controlled to within a few microns. Figure 7 shows the assembly of the micro-CO 2 engine and its freestanding parts fabricated using SU-8 photoresist and UV lithography process. The synchronization valve is fabricated separately. Preliminary tests have been performed showing that there was no leakage between the piston and the cylinder.
Conclusions
We present research work on the development of a microcryogenic reciprocating engine, using SU-8 and a UV lithography process. The microengine is designed based on a two-stroke reciprocating engine, and significant modifications have been made to accommodate the 2-D nature of MEMS fabrication. All engine parts, except pins, are designed to be fabricated in a 1000-m-thick SU-8 layer. The design has been verified using FEA, and the analysis results show that the SU-8 engine parts are strong and rigid enough to resist deformation. A UV lithography process for fabrication of ultrathick SU-8 components is studied, and the prebake time is identified as crucial for the ultrathick SU-8 layer. The prebake time is then optimized. With the improved UV lithography process, a 40:1 aspect ratio microstructure is achieved, and the strict requirement on the vertical sides of the piston and cylinder is met. The improved UV lithography process results in successful microengine fabrication. The assembly of the microengine is illustrated.
